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We present a search for the 
avor-changing neutral current decay Bs ! �+��� in p�p collisions

at
p
s = 1:8 TeV, using 91 pb�1 of data collected at the Collider Detector at Fermilab (CDF). We

�nd two candidate events for this decay, which are consistent with the background estimate of one

event, and set an upper limit on the branching fraction of B(Bs ! �+���) < 6:7 � 10�5 at a 95%

con�dence level. This is the �rst limit on the branching fraction of this decay.

In the Standard Model of electroweak interactions, the decay Bs ! �+��� [1] is forbidden for tree level processes.

It can however proceed at low rate through higher order 
avor-changing neutral current processes (FCNC), such as

penguin and box diagrams. Within the Standard Model, the branching fraction is predicted to be (1:17�0:31)�10�6 [2].

The major source of uncertainty of the prediction is due to the hadronic form factors, for which only two calculations

have been published [3,4]. Observing a higher branching fraction would indicate contributions from processes beyond

the Standard Model, such as, for example, Z-mediated FCNC or processes from SUSY or multi-Higgs doublet models.

To date, no search for this decay has been reported. We have searched for this decay in a data sample collected during

the 1992-1993 (Run 1A) and 1994-1995 (Run 1B) running periods, corresponding to a total integrated luminosity of

91 pb�1.

The CDF detector con�guration for Run 1 has been described in detail elsewhere [5]. The detector subsystems

most relevant to this measurement are the tracking system and the muon chambers. The tracking system, which is

immersed in a 1.4 T solenoidal magnetic �eld, consists of three detector systems. The innermost tracking device is a

silicon micro-strip vertex detector (SVX) [6] which provides spatial measurements in the r � � plane [7].

The SVX consists of two identical cylindrical barrels and has an active region of 51 cm in z; each barrel is composed

of four layers of single-sided silicon strip detectors, located at radii between 3.0 and 7.9 cm from the beam line. The

impact parameter resolution of tracks measured in the SVX is �D(pT ) = (13+40=pT ) �m, where pT is the transverse

momentum of the track in GeV/c. The track impact parameter D is de�ned as the distance of closest approach,
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measured in the plane perpendicular to the beam, of the track helix to the beam axis. The SVX is followed by a set

of time projection chambers (VTX) which measure the position of the proton{anti-proton interaction (the primary

vertex) along the beam line. Surrounding the VTX is the Central Tracking Chamber (CTC), a 3.2 m long cylindrical

drift chamber, ranging from 0.3 to 1.3 m in radius, covering the pseudorapidity interval j�j < 1:1. The CTC contains

84 layers of sense wires, grouped into nine alternating axial and stereo superlayers.

The central muon system, consisting of three components, is capable of detecting muons with pT � 1:4 GeV=c

in the pseudorapidity interval j�j < 1:0. The CMU system covers the region j�j < 0:6 and consists of four layers

of planar drift chambers outside the hadron calorimeter allowing the reconstruction of track segments for charged

particles penetrating the �ve absorption lengths of material. Outside the CMU, four layers of drift chambers are

placed behind an additional three absorption lengths of steel. Finally, the CMX system extends the coverage up to

pseudorapidity j�j < 1:0. Depending on the incident angle, particles have to penetrate six to nine absorption lengths

of material to be detected in the CMX. For the Run 1A selection, the CMX was not used.

CDF has a three-level trigger system. The Level 1 triggers relevant for this analysis require two track segments in

the muon chambers. At Level 2, tracks found in the CTC by the central fast track processor (CFT) [8] are associated

to track segments in the muon chambers. Two di�erent pT thresholds are used in the trigger, depending on whether

one or both muon track segments are required to be matched to a CFT track. When only one of the two muon track

segments is associated to a CFT track, the trigger e�ciency rises from 50% for tracks with pT = 2:6 GeV=c to 96%

for tracks with pT = 3:1 GeV=c. When both muon track segments are matched to CFT tracks, the trigger e�ciency

rises from 50% for tracks with pT = 1:95 GeV=c to 96% for tracks with pT = 2:3 GeV=c. Triggers requiring two CFT

track matches were not implemented during the Run 1A running period. At Level 3, both muon track segments are

required to be matched to fully reconstructed CTC tracks.

In this search, the branching fraction of the decay Bs ! �+��� is measured relative to the branching fraction of

the decay Bs ! J= �. With the � reconstructed in the decay �! K+K� and the J= in the decay J= ! �+��,

the same �nal state will be observed for both decays. This similarity between the two decays allows the cancellation

of most of the reconstruction and selection e�ciencies, as well as of the Bs production cross-section and integrated

luminosity of the data sample. In turn, the uncertainties on these factors will no longer a�ect the result. Di�erences

in acceptance and trigger e�ciencies nevertheless persist, and are corrected with a Monte Carlo calculation.

Candidates are reconstructed by combining two muons of opposite charge, selected by the dimuon trigger described
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above, with two further tracks of opposite charge. As CDF does not possess a particle identi�cation system suitable

for this measurement, all measured tracks have to be considered as possible kaon candidates, which adds a substantial

combinatorial background.

To determine whether the Bs candidate underwent a resonant or a non-resonant decay, the invariant mass of the

muon pair, derived from a vertex-constrained �t of the two muons, is used. For the resonant Bs ! J= � candidates,

the invariant mass of the muon pair is required to be within 80 MeV=c2 of the world-average J= mass, and for

the non-resonant Bs ! �+��� candidates, the invariant mass of the muon pair is required to be in the range

M(�+��) < 4:4 GeV=c2, with the J= and  (2S) resonances excluded in the ranges 2:9 <M(�+��) < 3:3 GeV=c2

and 3:6 <M(�+��) < 3:8 GeV=c2.

The four tracks are �tted to a common decay vertex, assigning a kaon mass to the two additional tracks and

requiring the momentum vector of the Bs meson to be parallel to its 
ight path in the transverse (r � �) plane. In

addition, for Bs ! J= � candidates, the two muons are constrained to have an invariant mass equal to the world-

average J= mass [9]. The con�dence level of the global �t is required to be greater than 0.01 (six degrees of freedom

for Bs ! �+��� candidates and seven for Bs ! J= � candidates).

The pT of each of the kaon tracks is required to be above 0:4 GeV=c and the minimum pT of each muon is chosen

according to the trigger. For triggers requiring two CFT track matches, the pT of both muons is required to be above

2 GeV=c, whereas for triggers requiring only one match, the pT of one muon is required to be above 2:8 GeV=c and

the pT of the other muon above 1:8 GeV=c. For data collected during Run 1A, both muons are required to have

pT > 2 GeV=c.

The invariant mass of the two kaons is required to be within �10 MeV=c2 of the world-average mass of the �

meson [9], and the pT of the � candidate is required to be above 2 GeV=c. The pT of the Bs candidate is required to

be above 6 GeV=c.

Two further requirements are imposed to reduce the background. The long lifetime of Bs mesons allows the use

of the proper decay length as a strong rejection criterion against the mostly short-lived background. This requires a

precise measurement of the position of the Bs meson decay (the decay vertex) and the distance the B meson traveled

before decaying (the decay length). For this reason, both muons and at least one of the two kaons are required to be

reconstructed in the SVX, with hits in at least three of the four layers. The proper decay length, � = Lxy �mBs
=pT (Bs),

is required to be above 100 �m. Lxy is the transverse decay length, which is the distance between the p�p interaction
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vertex and the Bs decay vertex measured in the r � � plane.

Due to the hard fragmentation of b quarks [10], B mesons carry most of the transverse momentum of the b-quark.

A large fraction of the momentum of the tracks observed in a cone around the B meson is thus expected to be carried

by the daughter tracks of the B meson. The isolation of the Bs candidate, de�ned as I = pT (Bs)=[pT (Bs) +
P
pT ],

is required to be greater than 0:75. The sum is the scalar sum of the transverse momenta of all the tracks, except the

four tracks composing the Bs candidate, within a cone of �R �
p
(��)2 + (��)2 � 1 around the momentum vector

of the Bs candidate. Along the z-direction, these tracks must extrapolate to within 5 cm of the Bs candidate vertex

so as to exclude tracks from other p�p collisions that can occur during the same bunch crossing.

The proper decay length and isolation requirements are chosen to minimize the average upper limit that would

be attained with the expected background and no true signal [9,11]. The number of background events expected in

the search region is the number of events observed in the sidebands normalized to the search region. The sidebands

around the Bs are chosen as the two invariant mass regions between 5:170 and 5:320 GeV=c2 and between 5:420 and

5:570 GeV=c2. The e�ciency to detect the signal is calculated using the number of Bs ! J= � candidates, which is

obtained from an unbinned maximum log-likelihood �t to a Gaussian distribution above a linear background.

The signal region is chosen as a 100 MeV=c2-wide invariant mass region, centered on the world-average mass of

the Bs meson [9]. This is the four-track invariant mass region between 5.320 and 5:420 GeV=c2. The distribution of

the invariant mass of the four tracks after all selection requirements is shown in Figure 1(left) for the Bs ! J= �

candidates and in Figure 1(right) for the Bs ! �+��� candidates. While the peak observed in the resonant selection

can clearly be attributed to the Bs ! J= � decay, no signal can be seen in the non-resonant selection. For the

resonant selection, 11:0� 3:5 Bs ! J= � candidates are found, while in the non-resonant selection, two candidates

are counted in the search region, with an expected background, extrapolated from the sidebands, of one event.

Finding no evidence for a signal, an upper limit on the branching fraction is set. The low number of candidate and

background events does not warrant a background subtraction, and the observed candidates in the search region are

assumed to be signal events. This results in Poisson upper limits of 5.32 and 6.30 events at a 90% and 95% con�dence

level respectively.

The upper limit on the branching fraction is given by

B(Bs ! �+���) < Nlimit(Bs ! �+���)
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� �B(Bs ! J= �; J= ! �+��)

N(Bs ! J= �) � �cut � �mass � �SD :

The factor �cut contains the ratio of the acceptance and e�ciencies of the two decays that do not cancel. It

is calculated using a Monte Carlo simulation of both decays. The decay Bs ! �+��� is modelled according to

the prediction of the decay matrix elements [12] using the Wilson coe�cients presented in Reference [13] and the

hadronic form factors presented in Reference [3]. The factor �mass contains the extrapolation of the result from

the non-resonant to the full invariant mass range and the factor �SD the compensation of the contribution of long-

distance processes in the non-resonant mass range. These two correction factors are obtained by performing numerical

integrations of the analytical expression of the di�erential decay width. The product of these factors is found to be

�cut � �mass � �SD = (0:912� 0:059). The uncertainty is due to variations in the trigger e�ciency parameterizations and

on the choice of a particular decay model. The latter is estimated by replacing the hadronic form factors used by

those presented in Reference [4]. These two sets of form factors are the only two published for this decays so far. A

comparison of the form factors at q2 � M2(�+��) = 0 shows that the two calculations agree within the estimated

accuracy of the models (15%) [3].

The total systematic uncertainty on the measurement of the branching fraction is 48.0%. It is included in the upper

limit of candidates with the prescription described in Reference [14]. The dominant contributions are the uncertainties

on the branching fraction of the reference decay (B(Bs ! J= �; J= ! �+��) = (5:5�1:9) �10�5: 35.5% [9,15]) and

the statistical uncertainty on the number of resonant candidates observed (31.8%). The uncertainty on the product

of the three correction factors (�cut � �mass � �SD) is small (6.5%).

With these results, the following 90% and 95% C.L. upper limits of the branching fraction are measured:

B(Bs ! �+���) < 4:7 � 10�5 (90%CL)

B(Bs ! �+���) < 6:7 � 10�5 (95%CL):

In conclusion, we have searched for the FCNC decay Bs ! �+��� in p�p collisions at
p
s = 1:8 TeV using 91:4 pb�1

of data. We have observed no signi�cant signal, and set the �rst limit on the branching fraction of this decay.
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FIG. 1. Invariant mass distributions of Bs ! J= � (left) andBs ! �+��� (right) candidates after all selection requirements.
The cross-hatched areas show the Bs signal region and the hatched areas the sideband regions.
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